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MinireviewRetinoids Run Rampant:
Multiple Roles during Spinal Cord
and Motor Neuron Development
Retinoic Acid Controls the Onset of Neurogenesis
Caudal CNS arises through a prolonged period of cell
proliferation and coordinated cell movements that ex-
tend the embryo. Labeling studies in mouse and chick
revealed that cells within the caudal-most zone of pro-
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spective CNS undergo self-renewing, stem-like divisions,University of Oregon
whereas cells that exit this stem zone occupy differentEugene, Oregon 97403
positions along the spinal cord rostrocaudal (RC) axis
(Mathis et al., 2001; Mathis and Nicolas, 2000). Some
CNS cells stop dividing and differentiate as neurons
Learning how the incredible diversity of neurons in the around the time that adjacent paraxial mesoderm seg-
vertebrate central nervous system (CNS) is generated ments into somites (Figure 1). Kate Storey’s group pre-
is a central focus of developmental neuroscience. Three viously showed that dynamic signaling from paraxial
studies in the September 25, 2003, issue of Neuron mesoderm regulates the transition from a proliferative
bring us closer to this goal by revealing how the inter- stem zone to a neurogenic zone in which neurons are
play between Fibroblast Growth Factor (FGF), retinoic born. Specifically, presomitic mesoderm can inhibit, and
acid (RA), and Sonic hedgehog (Shh) signaling regulate somitic mesoderm can promote, neurogenesis within
progression of spinal cord progenitor cells through adjacent neural tissue, and FGFs, expressed by caudal
various phases of development and specify particular cells including presomitic mesoderm, can inhibit neu-
types of spinal motor neurons (MNs). ronal development (Diez del Corral et al., 2002). Thus,
FGF-mediated inhibition of differentiation apparently
Work published nearly a decade ago revealed that Shh, maintains the caudal region as a stem zone, and a signal
a vertebrate homolog of fruit fly Hedgehog, specifies from somites opposes the antidifferentiation function
the identities of neurons in the ventral CNS, including of FGF.
spinal MNs (reviewed in Jessell, 2000; Shirasaki and Although these observations point to the importance
Pfaff, 2002). During specification, spinal progenitors ex- of modulating FGF signaling for neurogenesis, attenua-
press a series of homeodomain (HD) and basic-helix- tion of FGF signaling does not promote neuronal differ-
loop-helix (bHLH) transcription factors. Shh promotes entiation within neural explants (Diez del Corral et al.,
expression of some of these (Class II; Table 1) and re- 2002). Thus, somites must produce signals that both
inhibit FGF signaling and promote neurogenesis; RA ispresses expression of others (Class I; Table 1). Mutual
a candidate for both roles. Most investigations of RArepression between Class I and Class II transcription
signaling in neural development have focused on RCfactors establishes discrete ventral spinal cord domains
brain patterning (Begemann and Meyer, 2001). However,that later generate specific types of neurons.
in frog embryos, exogenous RA promotes expansion ofDespite the requirement for Shh in ventral CNS pat-
neurogenic domains and formation of excess neuronsterning, a normal pattern can be generated in the ab-
in developing spinal cord (Franco et al., 1999; Papalo-sence of Shh, but only when particular downstream
pulu and Kintner, 1996; Sharpe and Goldstone, 2000).components of the Shh signaling pathway are missing
Consistent with the idea that RA is the somite-derived(reviewed in Novitch et al., 2003), raising the possibility
signal, somites and rostral presomitic mesoderm of chickthat additional signals participate in patterning ventral
embryos express Raldh2, an enzyme that converts reti-spinal cord. Several recent papers have begun to ex-
naldehyde to RA (Swindell et al., 1999) and HPLC re-plore this idea by investigating the role of other signaling
vealed the presence of retinoids in somites (Maden etmolecules, especially RA (Guidato et al., 2003a, 2003b),
al., 1998). Thus, somites are a likely source of RA. Intrigu-as well as by addressing the relationships between genes
ingly, RA and FGF have antagonistic relationships inthat regulate ventral neural patterning and genes that
other regions of the embryo. For example, FGF inhibitionregulate neurogenesis (Scardigli et al., 2003, and refer-
of RA signaling might promote limb outgrowth (Mer-ences therein). Two new papers by Novitch et al. (2003)
cader et al., 2000), and Diez del Corral and colleaguesand Diez del Corral et al. (2003) reveal that FGF from
(2003) show that mutual inhibition between the RA andcaudal cells and RA from presomitic mesoderm and
FGF pathways within paraxial mesoderm regulates seg-somites interact with Shh to determine the timing of
mentation and may act more globally to regulate exten-neurogenesis and the patterned expression of HD and
sion of the body axis.bHLH transcription factors that combinatorially specify
To test the ability of RA to induce neurogenesis, Diezneuronal fates in ventral spinal cord. A new paper by
del Corral et al. (2003) manipulated RA signaling. Stimu-Sockanathan et al. (2003) shows that RA signaling acts
lating RA signaling caused caudal neural plate explantson progenitors and postmitotic MNs at several stages
to express NeuroM, which encodes a proneural class
of differentiation to specify a specific type of forelimb-
bHLH transcription factor expressed by newly differenti-
innervating spinal MN.
ating neurons. In contrast, interfering with RA signaling
inhibited neuronal development in vitro and in vivo.
Blocking RA signaling also interfered with the ability*Correspondence: b.appel@vanderbilt.edu (B.A.), eisen@uoneuro.
uoregon.edu (J.S.E.) of mesoderm to induce NeuroM in caudal neural plate
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Table 1. Mutual Repression between Class I and Class II Transcrip-
tion Factors Establishes Discrete Ventral Spinal Cord Domains
Class I Class II
Pax7
Dbx1  Nkx6.2
Dbx2  Nkx6.1
Irx3  Olig2
Pax6  Nkx2.2
cocultures. Consistent with these observations, quail
embryos deficient for Vitamin A (VAD embryos), from
which RA is synthesized, have fewer cells that express
Figure 2. RA Signaling Regulates Many Phases of MN DifferentiationNeuroM or its upstream regulators. Thus, RA induces
neurogenesis, and probably acts upstream in the cas-
cade of events leading to development of neurons from
trand et al. (2000) showed that FGF signaling repressesneuroectoderm.
Pax6, raising the possibility that integration of FGF andBecause RA mimics the ability of somites to promote
RA signaling regulates both onset of neurogenesis andneurogenesis, Diez del Corral et al. (2003) asked if RA
patterning processes that specify distinct neuronalalso blocks Fgf8 expression. Caudal neural plate ex-
fates. Diez del Corral et al. (2003) and Novitch et al.plants cultured with RA or an RA agonist did not maintain
(2003) show that although prospective dorsal spinal cordFgf8 transcripts, whereas Fgf8 expression was expanded
cells express Pax7 well before somitogenesis, ventralin neural tissue of VAD embryos. Because FGF signaling
spinal cord cells initiate expression of Irx3, Nkx6.2,can inhibit neurogenesis, the absence of spinal cord
Nkx6.1, and Olig2 about the time that Fgf8 expression isneurons in VAD embryos could result from perdurant
extinguished and adjacent rostral presomitic mesodermFGF protein. However, this seems unlikely, as spinal
begins to express Raldh2. Thus, the first expression ofcord cells of VAD embryos do not express two markers
ventral spinal cord patterning genes roughly coincidesof FGF signaling, Sprouty2 and an activated form of
with the inhibitory influence of mesodermally derived RAMAPK. These observations provide strong evidence that
on FGF signaling. The two groups used slightly differentRA is the somite-derived signal that both blocks FGF
neural explant assays and in vivo experiments to testsignaling and promotes neurogenesis (Figure 1).
whether FGF signaling can inhibit ventral patterningRetinoic Acid Contributes to Ventral Spinal Cord
gene expression. The results were straightforward forPatterning and Motor Neuron Specification
Class I genes: FGF signaling inhibited their expression.Does RA act simply as a trigger for neurogenesis, or
In contrast, FGF signaling only partially blocked Classdoes it also contribute to neural tube patterning? Ber-
II gene expression. Interestingly, FGF also repressed
expression of Shh. Thus, FGF signaling, by inhibiting
Shh and Class I genes, might coordinate initiation of
ventral patterning gene expression.
One interpretation of these results is that RA permits
expression of ventral patterning genes by inhibiting FGF
signaling. However, RA could also directly promote ex-
pression of these genes (Figures 1 and 2). Novitch et
al. (2003) demonstrate that RA enhances expression of
Class I, but not Class II, genes in explants and that
electroporation of a dominant-negative (dn) RA receptor
reduces Class I gene expression in vivo. Diez del Corral
et al. (2003) show that in VAD embryos, expression of
the Class I genes Pax6 and Irx3 and the Class II gene
Nkx6.2 are reduced, largely consistent with the above
results. None of these experiments reveals whether RA
acts directly on Class I gene expression. Nevertheless,
because ectopic FGF signaling appears absent from
VAD embryo neural tubes, reduced Class I gene expres-Figure 1. Opposing RA and FGF Signaling Regulates Onset of Neu-
sion is consistent with the idea that RA directly promotesrogenesis and Ventral Neural Patterning
Class I genes. A definitive test will require examiningSchematic represents a dorsal view of the caudal region of a devel-
embryos deficient in both FGF and RA signaling andoping chick embryo. Right side depicts early stages of neural devel-
opment. Open circles are self-renewing stem cells, gray circles are identifying RA receptor target sites within regulatory
neuroectodermal cells, and black circles are neurons. Red circles DNA sequences.
represent a putative clone, where descendents that occupy the stem Novitch et al. (2003) then set out to test whether RA
zone remain together as the zone progresses posteriorly (arrows) signaling also promotes neuronal subtype specification.
and those that enter the transition zone are distributed along the
The bHLH transcription factor, Olig2, is coexpressedRC axis (see Mathis et al., 2001). Onset of neurogenesis is coincident
with Pax6 and Nkx6 in cells that generate MNs andwith somite formation. Left side depicts signaling interactions de-
scribed in text. oligodendrocytes (Shirasaki and Pfaff, 2002). RA alone
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does not induce Olig2 expression in explants, but it does should be differentially expressed in paraxial mesoderm
enhance induction of Olig2 expression by Shh (Figure at different RC levels. Although Raldh2 is expressed in
2), suggesting that RA helps promote formation of MN most developing paraxial mesoderm (Novitch et al.,
progenitors. This idea was tested by blocking RA signal- 2003; Diez del Corral et al., 2003), when MNs are forming,
ing in explants and in vivo using a dnRA receptor. Elec- Raldh2 is expressed at strikingly higher levels adjacent
troporated cells expressed high levels of Nkx6, but not to brachial spinal cord than adjacent to thoracic or lum-
Olig2. Similarly, Diez del Corral et al. (2003) showed bar spinal cord (Sockanathan et al., 2003, and references
Olig2 expression is reduced in VAD embryos. Although therein). Thus, Sockanathan et al. (2003) proposed that
evidence that RA receptors act directly on Olig2 regula- RA is the signal that specifies brachial LMC identity. To
tory sequences is lacking, these data are at least consis- test this hypothesis, Sockanathan et al. (2003) manipu-
tent with the possibility that RA signaling is required lated levels of RA signaling by electroporating MNs with
for Nkx6 cells to progress to Olig2 MN progenitors dominant-negative or constitutively active RA receptor
(Figure 2). constructs. Earlier RA exposure is required for develop-
Because Olig2 acts as a transcriptional repressor dur- ment of MN progenitors (Figure 2; Novitch et al., 2003;
ing MN development, Novitch et al. (2003) coelectropor- Diez del Corral et al., 2003). Thus, these constructs were
ated plasmids that express dnRA receptor and Olig2 to designed to drive modified RA receptor expression in
learn if RA provides the transcriptional activation neces- postmitotic MNs, but not in MN progenitors.
sary for expression of MN-specific genes downstream Consistent with their hypothesis, Sockanathan et al.
of Olig2. Few cells expressed MN markers, suggesting
(2003) found that blocking RA signaling prevented post-
that RA signaling also is necessary either in parallel or
mitotic MNs from acquiring brachial LMC identity. Thus,downstream of Olig2 in MN development.
RA is necessary for this process. Might RA also play aIs RA sufficient to promote MN development when
role in acquisition of lateral and medial LMC identities?Shh signaling is absent? To address this, Novitch et al.
Previous studies (reviewed in Jessell, 2000) showed that(2003) exposed explants to RA plus FGF, which blocks
medial LMC MNs are born before lateral LMC MNs andthe Class I gene expression that normally represses MN
that lateral LMC MNs must migrate through medial LMCfate. Under these conditions, the explants expressed
MNs to reach their appropriate spinal cord location.Olig2 and MN markers, even in the presence of a Shh
Medial LMC MNs express Raldh2, and RA can inducefunction-blocking antibody. These results support the
later-born LMC MNs to express a lateral LMC-specificidea that RA signaling provides transcriptional activation
marker; Sockanathan et al. (2003) now show that RAthat promotes MN development in the absence of Class
signaling is necessary for this to occur. Thus, RA fromI transcriptional activity. And they are particularly intri-
paraxial mesoderm specifies brachial LMC identity, butguing, considering that spinal cord patterning is surpris-
lateral LMC identity is specified by RA from medial LMCingly normal in the absence of Shh when Gli3 and Rab23,
MNs (Figure 2).downstream components of the Shh pathway that are
What do brachial LMC MNs become when RA signal-intracellular inhibitors of Shh signaling, are also removed.
ing is blocked? Brachial spinal cord also generates me-Together, these data point to RA as the signal that pro-
dial MMC MNs, so the simplest idea is that they becomemotes MN development in cells that escape Class I HD
transcriptional repression. MMC MNs. Surprisingly, however, this is not the case.
Retinoic Acid Promotes Formation of a Specific Instead, they acquire characteristics of lateral MMC or
Motor Neuron Subtype CT MNs that are normally generated only at thoracic
Spinal MNs innervate diverse targets, such as body wall levels, raising the question of whether RA is sufficient
muscle, limb muscle, and sympathetic neurons that in- for acquisition of brachial MN character. To test this,
nervate visceral muscle. Yet all MNs arise from the same Sockanathan et al. (2003) electroporated constitutively
progenitor domain in the ventral spinal cord. Later, they active RA receptors into postmitotic thoracic MNs. Al-
become organized into anatomically and molecularly though differentiation of CT and lateral MMC MNs was
distinct columns that reflect their functional differences. perturbed, these cells did not become LMC MNs, sug-
Body wall muscle-innervating MNs form a median motor gesting that additional signals are required. Interest-
column (MMC) along the entire length of the spinal cord. ingly, lumbar spinal cord also has LMC MNs, but RA
Limb muscle-innervating MNs form a discontinuous lat- signaling appears not to participate in their specification
eral motor column (LMC) only at brachial (forelimb) and
(Sockanathan et al., 2003), although RA signaling is in-
lumbar (hindlimb) levels. Sympathetic neuron-innervat-
volved in specification of lateral LMC MN identity, justing MNs form the column of Terni (CT) only at thoracic
as it is in brachial spinal cord (reviewed in Jessell, 2000).levels. The MMC and LMC are each subdivided into
Both forelimbs and hindlimbs are induced by FGF signal-medial and lateral regions comprised of MNs that inner-
ing, and the anatomical differences between them ap-vate different sets of target muscles.
pear to be specified by transcription factors of HOX andHow are MNs with distinct RC and columnar identities
TBX classes (Ohuchi and Noji, 1999). HOX transcriptiongenerated from cells within a single progenitor domain?
factors also contribute to differences in MN identityWhen pieces of chick spinal cord or paraxial mesoderm
along the RC axis, and RA is required for normal pat-are transplanted between brachial and thoracic levels at
terning of Hox gene expression along the RC body axisearly developmental stages, MNs acquire RC columnar
(Liu et al., 2001). Thus, it will be interesting to learnidentities appropriate for their new positions, suggesting
whether differences in HOX transcription factors con-that signals from paraxial mesoderm specify MN identi-
tribute to the different sensitivities of brachial and lum-ties along the spinal cord RC axis (Jessell, 2000). A
signal capable of specifying a particular RC MN identity bar MNs to RA signaling.
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Novitch, B.G., Wichterle, H., Jessell, T.M., and Sockanathan, S.Conclusions
(2003). Neuron 40, 81–95.Three key findings of these studies have important rami-
Ohuchi, H., and Noji, S. (1999). Cell Tissue Res. 296, 45–56.fications beyond understanding how MNs are specified.
Papalopulu, N., and Kintner, C. (1996). Development 122, 3409–3418.First, these papers contribute to our understanding of
Scardigli, R., Baumer, N., Gruss, P., Guillemot, F., and Le Roux, I.the progression of steps by which a neuron acquires its
(2003). Development 130, 3269–3281.identity. MNs have been particularly well studied in this
Sharpe, C., and Goldstone, K. (2000). Mech. Dev. 91, 69–80.regard, as they arise in a discrete region of spinal cord
Shirasaki, R., and Pfaff, S.L. (2002). Annu. Rev. Neurosci. 25, 251–281.and MN subtypes can be clearly distinguished anatomi-
Sockanathan, S., Perlmann, T., and Jessell, T.M. (2003). Neuron 40,cally, physiologically, and molecularly. We already know
97–111.many of the steps required for MN differentiation (re-
Swindell, E.C., Thaller, C., Sockanathan, S., Petkovich, M., Jessell,viewed in Jessell, 2000, and Shirasaki and Pfaff, 2002)
T.M., and Eichele, G. (1999). Dev. Biol. 216, 282–296.and the sequence of steps a progenitor cell undergoes,
mediated by expression of transcription factors in re-
sponse to environmental signals, that restrict its final
fate. It will be important to learn the details of this type
of progression during specification of neurons in other
regions of the vertebrate nervous system. Second, these
papers provide strong evidence that the same signal,
in this case RA, acts at many different steps in differenti-
ation of a progenitor into a specific type of neuron.
It seems likely that this is a recurring theme in neural
development, and so it will be important to learn which
signals act in this way, what types of neurons they spec-
ify, and how a single signal mediates so many distinct
events. Finally, these papers add to the growing body
of work (Eisen, 1991; reviewed in Jessell, 2000, and
Shirasaki and Pfaff, 2002) demonstrating that the final
identity of a MN becomes determined only after it has
left the cell cycle. Uncoupling cell cycle progression and
cell fate clearly provides a failsafe mechanism during
development whereby a neuron in the wrong position
might be able to alter its fate and thus survive, rather
than succumbing to adverse effects of an inappropriate
environment. Understanding whether the identities of
other types of neurons remain plastic even after they
become postmitotic will provide new insights into the
mechanisms underlying neuronal specification.
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